ABSTRACT. The anticancer alkylating agents cyclophosphamide (CPA) and ifosfamide (IFA) are prodrugs that undergo extensive P450-catalyzed metabolism to yield both active (4-hydroxylated) and therapeutically inactive but neurotoxic (N-dechloroethylated) metabolites. Whereas the human liver microsomal P450 catalysts of CPA and IFA 4-hydroxylation are well characterized, the P450 enzyme catalysts of the alternative N-dechloroethylation pathway are poorly defined. Analysis of a panel of fifteen human P450 cDNAs in the baculovirus expression system ('Supersomes') demonstrated that CYP3A4 exhibited the highest N-dechloroethylation activity toward both CPA and IFA, whereas CYP2B6 displayed high N-dechloroethylation activity toward IFA, but not CPA. The contributions of each human P450 to overall liver microsomal Ndechloroethylation were calculated using a recently described relative substrate-activity factor method, and were found to be in excellent agreement with the results of inhibition studies using the CYP3A inhibitor troleandomycin and an inhibitory monoclonal antibody to CYP2B6. With CPA as substrate, CYP3A4 was shown to catalyze Ն95% of liver microsomal N-dechloroethylation, whereas with IFA as substrate, CYP3A4 catalyzed an average of ϳ70% of liver microsomal N-dechloroethylation (range ϭ 40 -90%), with the balance of this activity catalyzed by CYP2B6 (range ϭ 10 -70%, dependent on the CYP2B6 content of the liver). Because CYP2B6 can make a significant contribution to human liver microsomal IFA N-dechloroethylation, but only a minor contribution to IFA 4-hydroxylation, the selective inhibition of hepatic CYP2B6 activity in individuals with a high hepatic CYP2B6 content may provide a useful approach to minimize the formation of therapeutically inactive but toxic N-dechloroethylated IFA metabolites. BIOCHEM PHARMACOL 59;8:961-972, 2000. © 2000 Elsevier Science Inc.
CPA † and its structural isomer, IFA, are oxazaphosphorine alkylating agents that are widely used in cancer chemotherapy and for immunosuppression [1] . CPA and IFA are both prodrugs that can be metabolized via two alternative CYP-catalyzed pathways, 4-hydroxylation and N-dechloroethylation [2] . 4-Hydroxylation corresponds to a drug activation pathway that yields an active alkylating species (phosphoramide mustard or isophosphoramide mustard) and equimolar amounts of the toxic by-product acrolein. Acrolein is responsible for urotoxicity, primarily hemorrhagic cystitis, which can be minimized by treatment of patients with mesna, a uroprotective agent [3] . N-Dechloroethylation generates inactive oxazaphosphorine metabolites (2-and 3-dechloroethyl-IFA, in the case of IFA), and a toxic by-product, CA. CA can cause damage to proximal tubules and to neurons, and is largely responsible for the nephrotoxicity [4 -6] and neurotoxicity [7, 8] associated with IFA treatment.
Despite their structural similarities, CPA and IFA exhibit important differences in their metabolism, toxicity, and therapeutic spectrum. About 45% of a therapeutic dose of IFA is typically metabolized via N-dechloroethylation to CA, whereas only 10% of CPA is converted to CA [9] . Consequently, many more patients develop CA-induced neurotoxicity and nephrotoxicity after IFA administration than after CPA treatment. Clinically, neurotoxicity and nephrotoxicity are important dose-limiting factors for IFA treatment [1, 10] . Neurotoxicity occurs in about 20% of patients after IFA administration, but is rare in CPAtreated patients. IFA, however, has lower myelotoxicity than CPA, which makes it possible to use higher doses of IFA [9] . For these reasons, it is likely that the safety and perhaps the therapeutic effects of IFA could be improved if ways could be found to minimize CA formation via the P450-catalyzed N-dechloroethylation pathway.
A definitive identification of the individual human P450 enzyme catalysts of the 4-hydroxylation and N-dechloroethylation of CPA and IFA is needed to develop effective approaches to selectively minimize CA formation. The 4-hydroxylation pathway has been studied extensively due to the availability of sensitive methods to detect acrolein, a metabolite of the 4-hydroxylation pathway that can easily be measured fluorometrically by condensation with 3-aminophenol to yield 7-hydroxyquinoline [11] [12] [13] [14] , and the P450 catalysts of this reaction are well characterized [15] [16] [17] [18] [19] [20] . The N-dechloroethylation of CPA and IFA has not been well studied because of a lack of sensitive methods. Recently, methods have been developed to determine dechloroethyl-IFA [21] and CA [22, 23] , the metabolic products of IFA N-dechloroethylation. IFA N-dechloroethylation has been investigated using rat liver microsomes [24, 25] and human liver microsomes [19, 26] . In the rat, both CYP3A and CYP2B enzymes are involved in catalyzing IFA N-dechloroethylation [24] . CYP3A4 is reported to be the only human P450 enzyme that catalyzes this reaction [19, 26] ; however, only a limited subset of human P450s was examined. A more definitive evaluation of the human P450s that contribute to liver microsomal IFA N-dechloroethylation is clearly required if effective approaches to modulate this reaction in cancer patients are to be identified. In this study, we applied a newly developed HPLCfluorometric method for CPA and IFA N-dechloroethylation [27] to identify the human P450 enzymes that catalyze this reaction in human liver microsomes and as cDNAexpressed enzymes. These studies used P450 form-selective chemical and antibody inhibitors and produced results in excellent agreement with those determined using an RSF method [15] to calculate P450 form-specific contributions to overall liver microsomal metabolism based on the measured P450 enzyme content of each liver sample and the specific catalytic activity of the expressed P450s. Both CYP2B6 and CYP3A4 were shown to make important contributions to IFA N-dechloroethylation in human liver microsomes. These findings are discussed in the context of using CYP2B6 form-selective inhibitors to minimize the undesirable N-dechloroethylation of IFA.
MATERIALS AND METHODS Chemicals
Adenosine, TAO, CPA, and NADPH were purchased from the Sigma Chemical Co. CA (50%, w/v, in water) was purchased from the Aldrich Chemical Co. IFA was obtained from the Drug Synthesis and Chemistry Branch of the National Cancer Institute. 4-Hydroperoxy-CPA and 4-hydroperoxy-IFA were gifts from Dr. J. Pohl (ASTA Pharma). Methanol (HPLC grade) was purchased from J. T. Baker.
Enzymes
Human liver microsomes were those used previously (liver samples HLS2, HLS8, HLS9, and HLS25) [15] or were purchased from the Gentest Corp., with donor information and P450 form-diagnostic substrate activities for each of the major human liver microsomal P450s provided by the supplier. Human liver microsome sample H161 (Gentest Corp.) used in this study corresponds to a pool of microsomes from six human livers: livers H003, H023, H051, H086 (20% each) and livers H030 and H043 (10% each) (see Table 1 , below). Supersomes expressing individual human P450 cDNAs, and the inhibitory monoclonal antibody to CYP2B6 [28] , were obtained from the Gentest Corp. Supersomes are microsomes prepared from baculovirus-infected insect cells that express single human P450s, human NADPH P450 reductase, and in some cases, cytochrome b 5 . Supersomes containing P450 reductase and cytochrome b 5 but no cytochrome P450 were used as negative controls in each series of enzyme assays.
In Vitro Microsomal Assays
The P450 metabolites of CPA and IFA, CA (formed by the N-dechloroethylation pathway) and acrolein (formed by the 4-hydroxylation pathway), were determined in parallel using a single incubation tube [27] . Incubations were carried out for 30 min in a total volume of 100 L, and included 50 mM potassium phosphate buffer, pH 7.4, 0.1 mM EDTA, 1 mM NADPH, 10 pmol Supersomes P450 or 100 g of human liver microsomes, and 0.25 mM CPA or IFA as substrate. Product formation was linear with time and enzyme concentration under these assay conditions. Eight substrate concentrations [0, 0.15, 0.25, 0.5, 1, 2, 4, and 8 mM] were used for enzyme kinetic analyses. Reaction mixtures were preincubated in a 37°water bath for 4 min prior to the addition of NADPH. Reactions were initiated by adding NADPH, and then the mixture was incubated for 30 min in a 37°water bath with gentle shaking. After incubation, 40 L of ice-cold 5.5% ZnSO 4 , 40 L of saturated barium hydroxide, and 20 L of 0.01 N HCl were added sequentially to each tube, followed by centrifugation in a microfuge at 14,000 rpm for 20 min to precipitate the protein. The supernatants were divided into two 80-L aliquots, which were used to measure CA and acrolein, respectively. For CA measurement, 10 L of 2 M sodium acetate, pH 4.5, and 10 L of 100 mM adenosine were added to 80 L of supernatant and heated at 80°for 2 hr to form 1-N 6 -ethenoadenosine [27] . To assay for acrolein, 45 L of a fluorescent mixture (6 mg/mL of 3-aminophenol and 6 mg/mL of hydroxylamine hydrochloride freshly dissolved in 1 N HCl) was added to 80 L of supernatant, and then the samples were heated at 90°for 30 min to form 7-hydroxyquinoline [12, 13] . Samples were protected from light during and after derivatization. The derivatized samples were injected directly onto a C 18 HPLC column for analysis as described below.
HPLC
The components of the Waters HPLC system (Waters Corp.) are detailed elsewhere [27] . Samples were chromato-graphed on a Luna C 18 (2) column (Phenomenex), which is stable under the acidic conditions required for analysis of 7-hydroxyquinoline fluorescence. For CA analysis, the C 18 column was eluted with 20% methanol in water and run isocratically at a flow rate of 1 mL/min. The fluorescent product 1-N 6 -ethenoadenosine eluted at 5.7 min and was monitored for fluorescence by excitation at 270 nm and emission at 411 nm with a gain of 10 and a slit setting of 18. To assay for acrolein, the column was eluted with 20% methanol in 0.5% H 3 PO 4 (pH ϳ1.8) isocratically at a flow rate of 1 mL/min. The fluorescent product 7-hydroxyquinoline eluted at 3.2 min and was monitored at 350 nm (excitation) and 515 nm (emission) with a gain of 10 and a slit of 18. Quantitations were based on integrated peak areas determined using Millenium 32 software (Waters Corp.) and calculated from calibration curves generated by incubation of standards in BSA under the same assay conditions [27] .
P450 Inhibition Studies
For inhibition with Mab2B6, human liver microsomes were incubated with Mab2B6 on ice for 30 min. Then substrate, assay buffer, and NADPH were added, and assays were carried out as described above. For CYP3A inhibition studies, TAO was dissolved in methanol and added to individual assay tubes as required. Next, the methanol was evaporated using a Speed-Vac concentrator. TAO was incubated with human liver microsomes for 30 min at 37°i n the presence of NADPH to allow for formation of the inactive TAO-protein complex. Then substrate (CPA or IFA at 0.25 mM) and a fresh aliquot of NADPH were added to the tubes, which were incubated for an additional 30 min at 37°. Finally, samples were processed as described above.
RSF Calculations
The RSF value for each specific cDNA-expressed P450 is defined as the ratio of the catalytic activity of that P450 in a test substrate reaction (e.g. IFA N-dechloroethylation) to its activity assayed with a diagnostic, P450 form-selective substrate [15] . The test substrate catalytic activity attributable to each P450 in a given human liver microsome sample was calculated by multiplying the RSF value of each P450 by the diagnostic activity measured for that P450 in the human liver microsome sample. Then the contribution of each P450 form to the test substrate activity in human liver microsomes was calculated as a percentage of the total calculated microsomal P450 activity. A more detailed description of the RSF method for calculation of microsomal P450 activities and the potential limitations of this approach are provided elsewhere [15] .
Data Analysis
Data were managed with Microsoft Excel and presented using GraphPad Prism software (GraphPad Software, Inc.). The parameters for enzyme kinetics were determined using Enzymekinetics v.1.11 software (Trinity Software). Data shown generally are based on duplicate determinations for each data point. *Human microsomes were from a Gentest panel (livers H003-H161) or from a liver panel described previously (HLS2-HLS25) [15] . †Sum of microsomal 4-hydroxylation and N-dechloroethylation, measured at 0.25 mM CPA or 0.25 mM IFA and expressed as nmol total product formed/min/mg of liver microsomal protein.
‡Percentage of liver microsomal metabolism proceeding via the N-dechloroethylation pathway.
RESULTS

Metabolism of CPA and IFA by Human Liver Microsomes
The 4-hydroxylation and N-dechloroethylation of CPA and IFA were assayed in a panel of seventeen human liver microsomes. Substantial variation among the individual livers with respect to total metabolism and the pattern of metabolites was apparent (Table 1 , Fig. 1 ). Substantial differences (Ͼ10-fold) in the rates of microsomal CPA N-dechloroethylation and IFA N-dechloroethylation were observed within the panel of livers. With CPA as substrate, all of the livers showed at least 2-fold higher 4-hydroxylation than N-dechloroethylation activity. With IFA, the two P450 metabolic pathways were catalyzed at similar rates in a majority of livers. Based on initial reaction rates, the percentage of metabolism proceeding via N-dechloroethylation ranged from 4 to 34% (mean 19%) for CPA and from 8 to 55% (mean 39%) for IFA (Table 1 ). This finding is consistent with clinical data showing that a much larger fraction of IFA than CPA undergoes N-dechloroethylation [10] . However, the total rates of metabolism (4-hydroxylaton ϩ N-dechloroethylation) for CPA and IFA were 
Metabolism of CPA and IFA by Individual cDNAExpressed Human P450s (Supersomes)
Fifteen cDNA-expressed human P450 enzymes were assayed for CPA and IFA metabolism at 0.25 mM substrate (Fig. 2) . With CPA as substrate, CYP2B6 showed the highest 4-hydroxylase activity, followed by CYP3A4 and CYP2C19. Several other P450s, including CYPs 1A1, 2A6, 2C8, 2C9, and 3A7, exhibited low CPA 4-hydroxylase activity. CYP3A4 catalyzed a very strong CPA N-dechloroethylation activity, followed by CYP3A7 and CYP3A5. The other twelve P450s were essentially inactive. With IFA as substrate, CYP3A4 catalyzed the highest 4-hydroxylase activity, followed by CYPs 2B6, 2C19, 2A6, and 1A1. CYP3A4 and CYP2B6 showed the highest rates of IFA N-dechloroethylation, whereas the other P450s exhibited little (CYPs 3A5, 3A7, and 2C19) or no activity in this reaction. Based on the initial rates shown in Fig. 2 , the percent N-dechloroethylation catalyzed by CYP2B6 was 0% for CPA and 80% for IFA, whereas for CYP3A4, the percent N-dechloroethylation was 71% for CPA and 51% for IFA.
Role of Individual P450s in IFA and CPA NDechloroethylation Based on the RSF Method
We recently described an RSF method that can be used to calculate the contribution of individual P450s to human liver microsomal CPA and IFA metabolism based on cDNA-expressed P450 activities and liver microsomal P450 profiles [15] . Using the cDNA-expressed N-dechloroethylase activities (Fig. 2) and the P450 form-diagnostic substrate activities obtained from Gentest for the panel of Supersomes and the panel of human liver microsomes, the CPA and IFA N-dechloroethylase activities attributable to each human liver P450 form were calculated. These values, in turn, were summed to obtain the total RSF-calculated microsomal CPA and IFA N-dechloroethylase activity for each liver in the panel. The results obtained correlated very well with the corresponding measured enzyme activities (Fig. 1) in the panel of seventeen human liver microsomes (Fig. 3, A and B) , supporting the validity of the RSF approach.
The contribution of each P450 form to liver microsomal CPA and IFA N-dechloroethylation was also determined by the RSF method ( Table 2 ). In the average liver sample in the panel, the major fraction of CPA N-dechloroethylation activity (ϳ96%) was determined to be catalyzed by CYP3A enzymes. CYP3A was also found to be the major P450 catalyst of IFA N-dechloroethylation (ϳ70% of total activity) by the RSF method, with the balance of the activity (ϳ27%) catalyzed by CYP2B6 in the average liver. The contribution of the other P450s to CPA and IFA N-dechloroethylation was negligible ( Table 2) . Furthermore, as shown in Table 3 , the contribution of CYP3A4 to CPA N-dechloroethylation was found to be consistently high in all human livers (Ն90% in nearly all samples). By contrast, the CYP3A4 contribution to IFA N-dechloroethylation varied from 38.8 to 87.5%, while that of CYP2B6 ranged from as low as 9.8% (liver HLS25, which has a very low CYP2B6 content) to 58.2% (liver HLS2, which has a high CYP2B6 content).
The contribution of each hepatic P450 to CPA and IFA 4-hydroxylation was also determined by the RSF approach (Table 2 ). CYP2B6 and CYP3A4 were found to be the major P450s responsible for CPA 4-hydroxylation (ϳ45 and ϳ25% of total activity, respectively), while CYP3A4 was found to be the major P450 responsible for IFA 4-hydroxylation (ϳ65% of total activity). CYP2B6 contributed to a minor extent (ϳ6.5%) to microsomal IFA 4-hydroxylation. CYP1A2, CYP2A6, and CYP2C9 also contributed to CPA and IFA 4-hydroxylation to a small extent (5-12% each), with CYP2C9 contributing to a greater extent to CPA 4-hydroxylation and CYP2A6 contributing more significantly to IFA 4-hydroxylation. These latter results are similar to those obtained by the RSF method in assays carried out at a much higher substrate concentration (2 mM) in studies using less sensitive analytical methods [15] . Finally, total human liver microsomal 4-hydroxylation activities calculated by the RSF method were in good agreement with experimental values (Fig. 3, C  and D) .
Inhibition of Microsomal N-Dechloroethylation by TAO and Mab2B6
The P450 form-dependent contributions to CPA and IFA N-dechloroethylation determined by the RSF method were tested experimentally in a pooled human liver microsome sample (H161) using TAO, a CYP3A form-selective chemical inhibitor, and Mab2B6, a monoclonal antibody inhib-itory to CYP2B6 (Fig. 4) . TAO inhibited Ͼ 90% of microsomal CPA N-dechloroethylation and ϳ50% of microsomal IFA N-dechloroethylation (panels B and D, respectively). Mab2B6 inhibited ϳ40% of IFA N-dechloroethylation, with little effect on CPA N-dechloroethylation. These findings are consistent with the values calculated using the RSF method. Examination of the effects of these inhibitors on microsomal 4-hydroxylation activity, measured in the same incubations, revealed that TAO inhibited IFA 4-hydroxylation and IFA N-dechloroethylation to the same extent (Fig. 4D) , consistent with the finding that CYP3A4 catalyzes these two reactions at the same rate (Fig. 2) . In contrast, TAO inhibited CPA 4-hydroxylation by only 10 -15% (Fig. 4B) , consistent with the low CYP3A contribution to this activity calculated for liver sample H161 (Table 3) .
Livers H042 and HLS2, which are both CYP2B6-rich, and liver HLS25, a CYP2B6-poor liver, were also tested for (Table 4 ). The CYP2B6 experimental activities based on inhibition with Mab2B6 were somewhat higher than the values predicted by the RSF method, whereas the CYP3A4-dependent activities indicated by TAO inhibition were very similar to the RSF-predicted values.
Enzyme Kinetics
Steady-state enzyme kinetics were evaluated to further characterize the role of CYPs 2B6 and 3A4 in CPA and IFA N-dechloroethylation. CYP3A4 was found to be a high K m and high V max catalyst of CPA N-dechloroethylation, with an overall high catalytic efficiency, as judged by the in vitro intrinsic clearance (V max /K m ) ( Table 5 ). CYP3A4 was also an efficient catalyst of IFA N-dechloroethylation, with a slightly lower K m and V max than seen with CPA, but with a very similar in vitro intrinsic clearance. CYP2B6 exhibited a higher K m and a lower V max than CYP3A4 for IFA N-dechloroethylation. Consequently, the apparent V max /K m of CYP2B6 for this activity was only half that of CYP3A4.
K m and V max parameters for CPA and IFA 4-hydroxylation catalyzed by CYPs 2B6 and 3A4 were determined from the same incubations. In the 4-hydroxylation reaction, CYP2B6 showed a similar K m value for both CPA and IFA, but the V max was 10 times higher with CPA as substrate than with IFA. In contrast, CYP3A4 showed a 2-fold higher V max toward IFA than toward CPA, but with a similar K m . The K m values for the 4-hydroxylation reactions reported here are similar to those in a previous study [15] . The V max values, however, were several-fold higher than reported previously [15] .
DISCUSSION
The metabolism of CPA and IFA via N-dechloroethylation, which generates the neurotoxic and nephrotoxic metabolite CA, was assayed using human liver microsomes and a panel of cDNA-expressed human P450 enzymes. The contribution of each P450 form to liver microsomal Ndechloroethylation of CPA and IFA was determined experimentally by inhibition with P450 form-specific chemical and antibody inhibitors, and by calculation, using a recently described RSF method [15] that is based on measured cDNA-expressed P450 activities and liver microsomal P450 contents. The results obtained established that CYPs 2B6 and 3A4 both make significant contributions to human liver microsomal IFA N-dechloroethylation, with the relative contribution dependent on the microsomal P450 content of each liver. In contrast, CPA N-dechloroethylation was shown to be catalyzed by CYP3A4 alone.* These studies used a highly sensitive HPLC fluorescence method recently developed in this laboratory to measure the individual P450 metabolites of CPA or IFA in a single incubation tube [27] . This method enabled us to assay the metabolism of these anticancer prodrugs more accurately and at a much lower substrate concentration (0.25 mM) and using shorter incubation times than were possible with earlier methods. Using this method, P450 form-specific contributions to CYP and IFA 4-hydroxylation could also be identified. These results, at a 0.25 mM concentration of drug substrate, were in general agreement with previous studies carried out at much higher substrate concentrations [17, 18, 29] . The substrate concentration used in the present study, 0.25 mM, was chosen to be reflective of plasma CPA and IFA concentrations in cancer patients, which can range from 0.1 to 0.5 mM, particularly in high-dose therapy studies [2, 14, 30] . The enzymatic rates for cDNA-expressed CYPs in the 4-hydroxylation reaction reported in this study were several-fold higher than those reported previously [15] ; this is most likely due to the use of long incubation times (60 min) in the earlier studies, required to obtain sufficient product for accurate analysis.
Role of CYP3A4 in Microsomal CPA N-Dechloroethylation
The present identification of CYP3A4 as the principal enzyme responsible for CPA N-dechloroethylation in human liver microsomes was determined by the RSF method and was verified experimentally using the CYP3A-specific inhibitor TAO. This finding is consistent with the inhibi-* Some contribution from the other, more minor (and less active) human liver CYP3A enzymes may also occur. The TAO inhibition and RSF calculation methods do not distinguish between the individual CYP3A enzymes. tion of liver microsomal CPA N-dechloroethylation by the CYP3A inhibitor ketoconazole [31] . By contrast, CYP3A4 is not a major enzymatic catalyst of microsomal CPA 4-hydroxylation, which is primarily catalyzed by CYP2B6 and by several other P450 enzymes, such as CYP2A6 and CYP2C enzymes [15] . Consequently, CYP3A-specific inhibitors, such as the macrolide antibiotic TAO, may be used to achieve a selective inhibition of liver microsomal CPA N-dechloroethylation, with little impact on CPA 4-hydroxylation. Support for this possibility is provided by Fig. 4C and 4D .
‡Predicted value based on RSF calculation as shown in Table 3 . The parameters of enzyme kinetics were determined from Eadie-Hofstee plots using EnzymeKinetics software. Calculations based on other enzyme kinetics plots such as Lineweaver-Burke, Hanes-Woolf, Johansen-Lumry, direct linear plot, and nonlinear-regression analysis gave similar values, with variations Յ5%.
the finding that TAO completely inhibits CPA N-dechloroethylation in rat liver microsomes [24] and in human liver microsomes (Fig. 4) without any effect on CPA 4-hydroxylation. Moreover, in a rat pharmacokinetic study, TAO treatment in vivo completely suppressed CPA Ndechloroethylation while slightly increasing 4-hydroxylation [32] . However, CPA N-dechloroethylation in cancer patients only accounts for ϳ10% of total CPA metabolism. Consequently, even if complete suppression of the Ndechloroethylation pathway were to be achieved, the antitumor activity of CPA is not likely to be altered significantly. This supposition is supported by tumor excision and tumor growth delay studies carried out in the TAO-treated rat model [32] .
Role of CYP2B6 and CYP3A4 in Liver Microsomal IFA N-Dechloroethylation
Both CYP3A4 and CYP2B6 were found to contribute significantly to human liver microsomal IFA N-dechloroethylation, as judged by the RSF method and by the use of P450 form-selective inhibitors. Because CYP3A4 also contributes significantly to IFA 4-hydroxylation [15, 18] , it is unlikely that a selective inhibition of hepatic IFA Ndechloroethylation in vivo can be achieved using CYP3A4-specific inhibitors such as TAO. Indeed, TAO inhibited IFA 4-hydroxylation and N-dechloroethylation to the same extent in human liver microsomes (Fig. 4) . In an earlier study [26] , it was reported that CYP2B6 does not play a role in human liver microsomal IFA N-dechloroethylation based on the failure of 7-ethoxycoumarin to inhibit IFA N-dechloroethylation, and it was concluded that IFA N-dechloroethylation is catalyzed exclusively by CYP3A4. However, 7-ethoxycoumarin is not a CYP2B6-specific inhibitor, and the failure of such inhibition does not provide a reliable basis for this conclusion. In fact, TAO inhibited IFA N-dechloroethylation in human liver microsomes by only ϳ70 -80% in that study [26] , consistent with our conclusion that other P450 enzymes (i.e. CYP2B6) are involved. CYP2B6 catalyzed ϳ27% of human liver microsomal IFA N-dechloroethylation in an average liver in our studies, and the CYP2B6 contribution was as high as 40 -70% of the total activity in CYP2B6-rich human livers, such as livers HLS2 and H042 (Table 4) . Other evidence supporting a significant role for CYP2B6 in IFA N-dechloroethylation includes our recent finding that CYP2B6 is the primary human liver enzyme forming (S)-2-dechloroethyl-IFA and (S)-3-dechloroethyl-IFA during the N-dechloroethylation reaction [29] . In cancer patients, these two metabolites account for about 30 -40% of total N-dechloroethylated IFA metabolites [33] , a value that is in good agreement with our present conclusion that CYP2B6 catalyzes an average of ϳ27% of total IFA N-dechloroethylation in human liver microsomes. Rat CYP2B1, which is orthologous to human CYP2B6, is also an important catalyst of IFA N-dechloroethylation [24] . The significant role of CYP2B6 in human liver IFA N-dechloroethylation established by these findings is somewhat surprising, given the low level of CYP2B6 protein in human liver, reported to be less than 1% of total P450 [34] . This raises the question as to how CYP2B6 could be a major microsomal catalyst of this reaction, given that the rate of IFA N-dechloroethylation catalyzed by cDNA-expressed CYP2B6 is comparable to, but not much greater than, that of the much more abundant liver enzyme CYP3A4 (Fig. 2) . First, it should be noted that the level of CYP2B6 expression in human liver microsomes is actually higher than the value originally reported by Shimada et al. [34] . For example, the level of CYP2B6 protein in the panel of human liver microsomes used in the present study was 0.7 to 7% of total P450 (mean value 3.6%) based on quantitative data obtained by the supplier using a CYP2B6-specific monoclonal antibody. Two other recent studies [35, 36] also demonstrate that the protein level of CYP2B6 in human livers is substantially higher than that initially reported [34] , although the absolute protein levels showed great interindividual variation (0.3 to 74 pmol CYP2B6/mg protein) [35, 36] . Second, two other human liver microsomal activities specifically associated with CYP2B6, (S)-mephenytoin N-demethylase and 7-ethoxy-4-trifluoromethylcoumarin O-deethylase, are also significantly higher than the activities that would be expected based on the liver CYP2B6 protein content. For example, the measured CYP2B6 O-deethylase activity in human liver microsome samples HLS2, HLS8, HLS9, and HLS25 is 452, 36, 340, and 55 pmol/ min/mg protein [36] , whereas activity values directly calculated on the basis of the measured CYP2B6 protein contents of these liver microsomes and the specific O-deethylase activity of cDNA-expressed CYP2B6 [36] are up to 5-to 7-fold lower (data not shown). A similar phenomenon was observed for CYP2B6-dependent microsomal IFA Ndechloroethylase activity in the present study. The reason for the much higher measured than predicted human liver microsomal CYP2B6 catalytic activity is not known at present. Conceivably, CYP2B6-dependent liver microsomal activities could be enhanced by an unknown substance in human liver via an allosteric activation mechanism [35] , or perhaps the polyclonal and monoclonal antibodies used to measure CYP2B6 protein levels significantly underestimate the CYP2B6 content of human liver microsomes. Further investigation is required to clarify this point.
Pharmacological Approaches to Minimize Conversion of IFA to CA
Based on the more complete understanding of the P450 enzyme profiles for liver microsomal IFA metabolism provided by this study, several approaches to minimizing CA formation in IFA-treated patients can be considered. As noted above, CYP3A4 contributes significantly to both IFA N-dechloroethylation and IFA 4-hydroxylation in human liver microsomes, and thus it is likely to be difficult to selectively inhibit IFA N-dechloroethylation in vivo using CYP3A4-specific inhibitors. Nevertheless, treatment of rats with the CYP3A inducer dexamethasone increased IFA 4-hydroxylation (ϳ3.5-fold increase) without changing the N-dechloroethylation, thereby decreasing the percentage of IFA N-dechloroethylation from 36% of total IFA metabolism in untreated rat liver microsomes to 14% in dexamethasone-induced rat liver microsomes [24, 27] . The underlying mechanism for this selective decrease in IFA N-dechloroethylation in the rat model is not clear, but this observation could provide a basis for minimizing CA formation in cancer patients. Another approach suggested by the present study is based on the selective inhibition of CYP2B6-mediated IFA N-dechloroethylation. Since CYP2B6 catalyzes an important fraction of IFA N-dechloroethylation (but not IFA 4-hydroxylation) in human liver tissue, CYP2B6-selective inhibitors, such as orphenadrine and metyrapone, may be used to selectively inhibit the Ndechloroethylation pathway. This approach may be particularly useful for patients with CYP2B6-rich livers, but would not be effective in individuals with low CYP2B6 levels. When combined with the use of (R)-IFA in place of racemic IFA [29, 37] , this approach could provide the opportunity to minimize CA-related toxicities and enhance therapeutic effects. Further preclinical and clinical studies will be required to evaluate the potential utility of these approaches to inhibition of IFA N-dechloroethylation. The present study focused on the metabolism of IFA and CPA mediated by liver P450 enzymes. However, intestinal P450s may contribute significantly to IFA N-dechloroethylation, as suggested by the fact that IFA undergoes a greater degree of N-dechloroethylation during oral administration than following i.v. infusion [38] . In vitro studies have demonstrated that rat intestinal microsomes metabolize Ͼ 90% of IFA via N-dechloroethylation and that 3-dechloroethyl-IFA is the major metabolite [39] . Only ϳ47% of IFA was metabolized via N-dechloroethylation by rat hepatic microsomes [39] . Further characterization of intestinal P450 involved in IFA N-dechloroethylation could facilitate approaches to minimize the intestinal N-dechloroethylation that may accompany the oral administration of IFA.
